Heat shock proteins (hsp), known as chaperones or stress proteins, are highly conserved proteins with important biological functions in protein biogenesis. Most of these proteins are constitutively expressed at a low level under physiological conditions in all eukaryotic and prokaryotic cells examined to date (4) . A variety of stressful stimuli, including heat shock, nutrient deprivation, oxygen radicals, and viral infection, induce a marked increase in intracellular hsp synthesis (9, 21) . Although these proteins are predominantly located in intracellular compartments, recent studies suggest that some stress protein determinants can be expressed on the surfaces of mammalian and bacterial cells and can be secreted extracellularly (6, 7, 15, 16) . The immunology of hsp has been studied extensively. For example, it has been demonstrated that hsp can participate in immune responses to bacterial infections and in development of autoimmune diseases (3) . Members of the hsp60 class serve as immunodominant targets of aI3+ and T+ T lymphocytes as well as stimulating antibodies during infections by many bacterial pathogens, including Mycobacterium, Legionella, Borrelia, and Treponema organisms as common antigens (11, 12, 14, 15, 20, 25, 26) . In particular, hsp, including members of the hsp60 family, have been used in attempts to induce immunological protection against infection by mycobacteria or legionellae (1, 18, 28) , which can survive and replicate in macrophages.
Macrophages generally respond to microbial infections with increased expression and secretion of cytokines such as interleukin-1 (IL-1), IL-6, and tumor necrosis factor alpha (TNF-a) (19, 23, 27, 29, 31) . However, the role of hsp in macrophagepathogen interactions is poorly understood, although recent studies have suggested that mycobacterial hsp65 may induce immunostimulatory functions by increasing the production of monokines (10, 33) . The present study was designed to exam-ine whether hsp from different bacteria and different hsp families directly induce cytokine expression and secretion in macrophage cultures. For this purpose, we investigated the cellular steady-state levels of IL-lo, IL-113, IL-6, TNF-ot, and granulocyte-macrophage colony-stimulating factor (GM-CSF) mRNA by a quantitative reverse transcriptase (RT)-PCR and also investigated secretion of soluble IL-1. For these experiments, thioglycolate-elicited BALB/c mouse macrophages were stimulated with Legionella pneumophila hsp60 (Lphsp6O), Escherichia coli GroEL, Mycobacterium tuberculosis hsp70 (Mt-hsp7o) or Mt-hspl0, Mycobacterium leprae hsp65 (Ml-hsp65), or Mycobacterium bovis BCG hsp65 (Mb-hsp65). The experiments show that most but not all of the hsp tested are relatively potent inducers of acute-phase cytokines.
Lp-hsp6O was cloned and expressed in E. coli and purified as described previously (15) . GroEL, the 60-kDa chaperone of E. coli, was purchased from Sigma Chemical Co., St. Louis, Mo. The mycobacterial hsp were kindly provided by J. D. A. van Embden, National Institute of Public Health and Environmental Protection, Bilthoven, The Netherlands, with support from the UNDPIWorld Bank/WHO Special Program for Research and Training in Tropical Diseases. Thioglycolate-elicited peritoneal macrophages, from 8-to 12-week-old female BALB/c mice (Jackson Laboratories, Bar Harbor, Maine), were obtained as described previously (30) , suspended in RPMI 1640 medium supplemented with 10% heat-inactivated fetal calf serum (HyClone Laboratory, Logan, Utah), and allowed to adhere to six-well tissue culture plates (Costar, Cambridge, Mass.). After a washing with Hanks' balanced salt solution, the resulting macrophage monolayers (approximately 3 x 106 cells per well; .99% macrophages as determined by morphology according to Giemsa stain) were treated for 3 h either with an hsp diluted in RPMI 1640 medium containing 16 ,ug of polymyxin B per ml or with 0.5 ,ug of E. coli lipopolysaccharide (LPS) (O111:B4; Sigma) diluted in RPMI 1640 medium.
The total RNA was isolated from the macrophage cultures by a single-step method (2) Wis.) and oligo(dT)15 primers. PCR of the prepared cDNAs (3 ,ul) was performed with primers specific for IL-la, IL-1p,  TNF-a, and GM-CSF (Stratagene, La Jolla, Calif.) as described previously (31) . Primers specific for ,B-actin (Stratagene) and 2 microglobulin (BMG) (5, 32) were used as internal standards. The PCR products were visualized under UV light after electrophoresis in a 2% agarose gel containing ethidium bromide. The identities of the products were validated by their predicted sizes in the gels. Figure 1 shows a representative gel of the cytokine RT-PCR products of RNA extracted from hsp-treated macrophage cultures. Stimulation with Lp-hsp6O, GroEL, Mt-hsp7O, Ml-hsp65, and Mb-hsp65 increased the cellular mRNA levels of IL-la, IL-1j, IL-6, TNF-a, and GM-CSF; however, stimulation with Mt-hsplO induced either no (IL-6 and GM-CSF) or Mb-hsp65 in* however, the potency is less in proteins from the hsplO family. It might be argued that LPS contamination of the hsp preparations was a significant factor in the induction of cytokine message. However, this is doubtful for several reasons. First of all, the LPS contamination was 1l ng/10 ,ug of hsp per ml as measured by the Limulus amebocyte lysate assay QCL-1000 (Bio Whittaker, Walkersville, Md.). This low LPS concentration did not induce detectable increases in cytokine mRNA expression or enhance the expression when added to hsp preparations (data not shown). A second mitigating condition involved the use of polymyxin B (16 ,ug/ml) in all experiments, which completely neutralized 20 ng of LPS per ml in terms of IL-lp mRNA-inducing activity. Third, inactivation of the hsp by heating (1 h, 95°C) led to a marked reduction of IL-1B message, as shown in Fig. 3 (Lp-hsp60 as a representative example), whereas LPS was fully active under the same conditions. Finally, treatment with the anti-hsp60 antibody neutralized the cytokine-inducing activity of hsp (Fig.   4 ).
To correlate the above-mentioned increases in message level with the induction of cytokine secretion, we next examined IL-1 bioactivity (17) in the culture supernatants of macrophages stimulated with the various hsp (10 ,ug/ml). A significant increase in IL-1 bioactivity was found in supernatants of all hsp-stimulated cultures except those exposed to Mt-hsplO (Fig. 4) . GroEL and Mt-hsp7O appeared to induce higher levels of IL-1 bioactivity than did Lp-hsp6O and the other mycobacterial hsp. This induction of supernatant bioactivity could be reduced by pretreatment with antibody to Lp-hsp60 (Fig. 4) , showing the high degree of immune cross-reactivity among the members of the hsp60 family (15) as well as supporting our above-mentioned conclusion that the hsp component in these preparations is at least partly responsible for the induction of cytokines. (8) . On the other hand, a trivial explanation might be related to the relatively small size of these proteins, which prohibits them from effectively cross-linking and capping receptors following binding.
The results of this study suggest a direct role of bacterial hsp in the regulation of acute-phase cytokine release from macrophages. To our knowledge this is the first report showing that such stimulatory activity cuts across boundaries of hsp species and family derivation.
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